A liquid metal electric motor including a pair of concentric ring electrodes, permanent magnet and electrolyte solution is demonstrated. A liquid metal galinstan sphere, along with a NaOH solution, is stimulated to rotate centrifugally around the central electrode and the rotating speed increases with the voltage. The NaOH solution serves to rapidly remove the oxide on the liquid metal surface, reduce the motion friction and provide impetus to the liquid metal. As the mass of the liquid metal is increased to 12.16 g to form a kidney-like body, its rotating speed appears more controllable and the effect of the electrolytic action in the NaOH solution becomes weak in the range of 0-1.82 V. As the mass of the liquid metal is increased to 18.20 g to form a circular ringshaped body, the ideal voltage range for controlling the rotating motion of the liquid metal is 0-0.81 V. The metal fluid rotates at a speed of 1.9 r.p.m., even at an extremely low voltage of 0.03 V. The liquid metal electric motor established here can find important applications in chip cooling, liquid metal pumps, material mixing, soft machine realization, etc.
Introduction
Designing micro-or nanoscale motors which could convert diverse forms of energy into a specific motion has received a lot of attention in the scientific community. Generally, object actuation can be achieved by propulsions from light [1, 2] , bioelectrochemicals [3] , electric fields [4, 5] , magnetic fields [6, 7] , acoustic action [8] and so on. The room temperature liquid metal exhibits properties that are very different from solid metal due to its intrinsic fluid behaviour. Interest in this field has increased in a variety of areas such as electronics cooling [9, 10] , lab on a chip [11, 12] , flexible electronics [13] , printed electronics [14, 15] , to name but a few. Recently, the motion or deformation characteristics of liquid metal in an electrolyte solution under various configurations have become a focal point of research with several discoveries reported [16] [17] [18] [19] [20] . As previously found [16] [17] [18] , a liquid metal sphere immersed in an electrolyte solution can be manipulated to move between a pair of anode and cathode electrodes due to its asymmetrical surface tension. In addition, induced Marangoni flow at the surface of the liquid metal when activated by current signal was also found [18, 19, 21] and used to make a pump. Further research [22] has shown that the liquid metal marbles, coated with nanoparticles, could be propelled by bubbles generated through a photochemical reaction. Other behaviours such as liquid metal actuations [21, 23] and ejection [24] were also found which can be partially attributed to the electrocapillarity phenomenon. However, up to now, there have been very limited investigations into the issues regarding the controllable centrifugal rotational motions of liquid metal, especially a single sphere in solution, which are critical for a group of important applications such as chip cooling, fluid mixture or rotor machine construction, etc. Although magnetohydrodynamic (MHD) pumps [25, 26] have been investigated to drive fluids by a Lorentz force, the manipulated object was either liquid metal alone [27] or electrolyte solution only [28, 29] . To manipulate the global rotation of a two-phase fluid, we demonstrate here a fundamental approach for propelling a liquid metal sphere or pool in an electrolyte solution under a specially designed electromagnetic force.
Material and methods (a) Testing materials
Although there are several different liquid metals or alloys that we could have tested, only galinstan (68.5% gallium, 21.5% indium and 10% tin by weight), a type of non-toxic liquid metal with melting point around 11 • C, was used in our investigations. NaOH solution with concentration 1 mol l −1 was used as the electrolyte in all the experiments.
(b) Preparation of galinstan liquid metal
Gallium, indium and tin with purity above 99.99% were weighed according to the ratio of 68.5 : 21.5 : 10 and were then added to a beaker. The mixture was stirred in the beaker, which was heated in a water bath at approximately 90 • C for 1 h to achieve uniformity.
(c) Data acquisition
All the measured voltage and current values in the experiments were acquired with an Agilent 34972A (USA). The velocity of the liquid metal was determined through analysing the video frames.
Experimental results (a) Motion characteristics of the electrolyte solution in an electromagnetic field
To investigate the motion characteristics of the electrolyte solution in an electromagnetic field, the experimental apparatus shown schematically in figure 1a was used. A permanent magnet was set under the bottom of a Petri dish filled with NaOH electrolyte solution. A pair of graphite anode and cathode bars were vertically immersed into the NaOH solution. When the electrodes were powered by a DC source, quite a few bubbles were generated, as shown in figure 1b ( electronic supplementary material, movie S1). This is due to the electrolytic action at the anode and the cathode which can be, respectively, expressed as [30]
and
Clearly, the bubbles generated at the anode and the cathode are oxygen and hydrogen, respectively. Combining the above equations together, one has
3)
It can be seen from the above equation that the volume of hydrogen generated is twice as much as that of oxygen. Therefore, the amount of bubbles surrounding the cathode is much larger than that around the anode, as can be seen in figure 1b. The electric potential distribution, as depicted in figure 1c, was simulated with COMSOL Multiphysics software when the potentials of the anode and the cathode were set as 5 V and −5 V, respectively. The red arrows represent the electric field direction from high potential to low. The Lorentz force exerted on the NaOH electrolyte fluid is expressed as [31] (3.4) where J is the electric current density; σ and u are the conductivity and the velocity of the electrolyte fluid, respectively; E is the electric field strength whose direction is shown as the red arrows; and B is the magnetic induction strength. Assuming that B is directed out of the paper, then the Lorentz force F, indicated as black arrows in figure 1c , is perpendicular to the plane of E and B and is on the right-hand side of E. Therefore, the bubbles propelled by the surrounding solution, which is subject to the Lorentz force, will rotate around the anode and the cathode in opposite directions, which is verified in figure 1b.
(b) Rotational motion characteristics of a liquid metal sphere in an electromagnetic field
In order to rotationally actuate the liquid metal sphere and control its motion speed, an experimental device was designed and the assembly drawing is shown in figure 2a . A pair of concentric ring graphite electrodes was placed in a Petri dish, under which there was a discshaped permanent magnet. The liquid metal immersed in NaOH solution was located between the two electrodes. There was a circular symmetric distribution for the magnetic induction strength B on the surface of the magnet and the direction of B was perpendicular to the upper surface of the annulus electrode. Here, we assume that D and d, respectively, represent the diameter of the inner round bar electrode and the inner diameter of the outer annulus electrode. Controlling the motion of a liquid metal sphere was investigated by using a pair of concentric electrodes with D = 30 mm and d = 20 mm. B was directed into the upper surface of the annulus electrode. A galinstan liquid metal sphere (84.28 mg) was immersed into 1 ml NaOH electrolyte solution, which filled the gap between the two electrodes. As the electrodes were powered, a Lorentz force exerted on the galinstan sphere and the NaOH solution was generated in a counterclockwise direction, as shown in figure 3a, according to the right-hand rule. The electrolyte solution rotated more rapidly than the galinstan sphere (see the electronic supplementary material, movies S2 and S3) due to its low density (1.045 g cm −3 ), which provided an impetus to the liquid metal sphere. The measured current-voltage, resistance-voltage, rotating speedvoltage and power-voltage relationship curves of the galinstan sphere are presented in figure 3b,c. It can be observed that, with the increase in the voltage between the two electrodes, the current approximates to a linear increase while the resistance approximates to a linear decrease. The rotating speed increases with the increase in the voltage and the increasing speed reaches a maximum value of 1.114 r.p.s. V −1 (revolutions per second per volt) in the range of 7.05-7.53 V. Such changing trends in the curves can be interpreted as follows: the conductive property of the electrolyte solution is dependent on the intensity of the ion motion, which is determined by the electric field intensity E in the solution. As the voltage increases, the resistance decreases due to the increase of E, and the current and the consumed power are thus increased. Therefore, the liquid metal sphere moves faster as a result of the increase in the Lorentz force imposed on both the liquid metal and the solution. As the voltage increases, the part of the galinstan sphere facing the anode is coated with an oxide layer because of the oxidation potential [32] and the electrolyte solution becomes turbid due to the increasingly generated oxide in the solution. In addition, the electrolytic degree of the NaOH solution increases with the increase in the voltage; also, the movement of the galinstan sphere will thus be impeded by the increasing amount of bubbles generated in the NaOH solution. formed between the liquid metal and the graphite electrodes and the bottom of the Petri dish. Such a slip layer will greatly reduce the frictional resistance of the liquid metal, as well as avoid shortcuts between the two electrodes. In addition, the NaOH solution can rapidly remove the oxide generated on the liquid metal surface and provide an impetus to the liquid metal. resistance between the electrodes and the liquid metal, is within the range of 2-2.6 Ω. The rotating speed reaches a peak when the voltage is 1.63 V, which is close to 1.82 V. As the voltage is in the range of 1.82-3.63 V, the liquid metal rotates more and more slowly and the amount of bubbles in the NaOH solution gradually increases. The resistance goes up quickly while the current displays the opposite tendency. The power fluctuates in the range of 0.95-1.41 W, and the rotating speed-voltage curve shows a descending trend. As the voltage becomes larger than 3.63 V, the NaOH solution becomes increasingly turbid, and the liquid metal rotates more and more slowly with severe deforming and violent beating. The resistance decreases sharply due to the obvious spreading phenomenon of liquid metal, which shortens the distance between it and the electrodes, and the current increases accordingly. The power consumed by the liquid metal rises sharply. For the galinstan used in this experiment, the maximum rotating speed occurred when the voltage was about 1.63 V. Higher voltages between the electrodes will cause a higher electrolytic degree of NaOH solution, which is not desirable. Therefore, the ideal voltage range for controlling the rotating speed of the liquid metal falls in the range 0-1.82 V and the electrolysis of the NaOH solution is rather weak within this range. The influence of the NaOH concentration on the rotating speed of the liquid metal was investigated and the results are presented in figure 5 . The mass of liquid metal was 9.8 g and the voltage was regulated at approximately 1.83 V. As the solution was deionized water (NaOH concentration is 0 mol l −1 ) or low NaOH concentration (0.2 mol l −1 ), the oxide on the liquid metal surface cannot be completely removed. Therefore, the Lorentz force exerted on the liquid metal cannot overcome the friction due to the adhesion between the oxide and the substrate. The liquid metal deforms and spreads once the electrodes are energized, which is ascribed to the electrocapillary effect [34] . When the NaOH concentration is a large value (larger than 0.4 mol l −1 ), the liquid metal will rotate around the inner round bar electrode. 
Discussion
As demonstrated, the NaOH solution is an important agent in controlling the rotational movement of a liquid metal sphere or pool. Without it, such liquid metal objects can hardly be driven to move. Here, the NaOH solution serves to rapidly remove the oxide on the liquid metal surface, and thus to reduce the friction and to give impetus to the liquid metal. In fact, other alkaline or acidic solutions such as KOH or HCl solutions are also good candidates for the electrolyte used in the experiments. The rotational motion characteristics of the liquid metal under the electromagnetic force enable it to be a liquid metal electric motor, which converts the electromagnetic energy into kinetic energy. of engineering areas. For example, in addition to manufacturing a liquid metal pump, the motioncontrolling method as introduced here can be adopted for making a compact cooling device in delivering heat away from the hot side to the cool side due to the excellent heat-conducting property of the liquid metal coolant. Further, such a control strategy, combined with heating and/or ultrasonic devices, should be very useful for mixing two or more kinds of liquid metals in the near future. In addition, with its controllable rotational behaviour, the running liquid metal sphere or pool in fact has already served as a type of soft rotor. Efforts made in this paper suggest a feasible way to address these potential needs in the future.
Conclusion
In summary, we demonstrated an approach to control the centrifugal rotating motion of liquid metal through incorporating the electromagnetic force and electrolyte solution together. Galinstan and NaOH solution were selected as the manipulated liquid metal and the surrounding assistive fluid, respectively. As a liquid metal sphere was immersed in the NaOH solution between a pair of concentric ring electrodes in a magnetic field, it was induced to rotate around the central electrode along with the solution. The rotating speed of the liquid metal sphere increased with the increase in the voltage between the electrodes, but the bubbles and the oxide were also increasingly generated in the NaOH solution due to the electrolytic action, which was not, however, always desirable. As a pool of galinstan with weight of 12.16 g was placed between the anode and the cathode to form a kidney-like body, the liquid metal ran in uniform circular motion and the electrolysis of the NaOH solution was weak when the voltage was regulated in the range of 0-1.82 V. As the liquid metal galinstan was increased to 18.20 g to form a circular ring-shaped body, it could rotate even at a voltage of 0.03 V with a power of 0.25 mW. In all these experiments, the roles of the NaOH solution were multiple, such as removing the oxide from the liquid metal surface, reducing the motion resistance, conducting electricity and giving impetus to the liquid metal. In addition, the NaOH solution concentration was an important factor in the rotating speed of the liquid metal. The rotational control strategy of the liquid metal introduced here is worthy of further investigations, and its applications could be found in chip cooling, liquid metal pumps, soft machine making, teaching props and so on.
